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Abstract. Satellite passive-microwave data have been used to calculate sea ice

extents over the period 1979-1999 for thenorth polar sea ice cover as a whole and for
each of nine regions. Over this 21-year time period, the trend in yearly average ice
extents for the ice cover as a whole is ,32,900 + 6,100 km2/yr (-2.7 + 0.5 %/decade),

indicating a reduction in sea ice coverage that has decelerated from the earlier reported
value of-34,000 + 8,300 km2/yr (-2.8 ± 0.7 %/decade) for the period 1979-1996.

Regionally, the reductions are greatest in the Arctic Ocean, the Kara and Barents Seas,
and the Seas of Okhotsk and Japan, whereas seasonally, the reductions are greatest in
summer, for which season the 1979-1999 trend in ice extents is -41,600 + 12,900 km2/yr

(-4.9 + 1.5 %/decade). On a monthly basis, the reductions are greatest in July and
September for the north polar ice cowr _ awhole, in September for the Arctic Ocean, in
June and July for the Kara and Barents Seas, and in April for the Seas of Okhotsk and

Japan. Only two of the nine regions show overall ice extent increases, those being the
Bering Sea and the Gulf of St. Lawrence__F__r neither of these two regions is the increase
statistically significant, whereas the 1979-1999 ice extent decreases are statistically
significant at the 99% confidence level for the north polar region as a whole, the Arctic
Ocean, the Seas of Okhotsk and Japan, and Hudson Bay.
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Abstract. Satellite passive-microwave data have been used to

calculate sea ice extents over the period 1979-1999 for the north

polar sea ice cover as a whole and for each of nine regions. Over

this 21-year time period, the trend in yearly average ice extents for

the ice cover as a whole is -32,900 + 6,100 km2/yr (-2.7 + 0.5

%/decade), indicating a reduction in sea ice coverage that has

decelerated from the earlier reported value of-34,000 + 8,300

km2/yr (-2.8 + 0.7 %/decade) for the period 1979-1996.

Regionally, the reductions are greatest in the Arctic Ocean, the

Kara and Barents Seas, and the Seas of Okhotsk and Japan,

whereas seasonally, the reductions are greatest in summer, for

which season the 1979-1999 trend in ice extents is -41,600 +

12,900 km2/yr (-4.9 + 1.5 %/decade). On a monthly basis, the

reductions are greatest in July _d September for the north polar

ice cover as a whole, in September for the Arctic Ocean, in June

and July for the Kara and Barents Seas, and in April for the Seas of

Okhotsk and Japan. Only two of the nine regions show overall ice

extent increases, those being the Bering Sea and the Gulf of St.

Lawrence. For neither of these two regions is the increase

statistically significant, whereas the 1979-1999 ice extent

decreases are statistically significant at the 99% confidence level

for the north polar region as a whole, the Arctic Ocean, the Seas of

Okhotsk and Japan, and Hudson Bay.



Introduction

Seaice is an integralcomponentof theArctic climatesystem,

restricting exchangesof heat,mass,and momentumbetweenthe

oceanandthe atmosphere,reflectingmost solarradiationincident

on it, releasingsalt to the underlying ocean,and transporting

freshwater equatorward.It is also of vital importance to the

ecology of the Arctic, serving as a habitat for organismsliving

within it, a platform for animalswanderingover it, and either a

helpor a hindranceto numerousmarineplant andanimalspecies.

Hencechangesin the seaice cover can havemany outreaching

effects on other elementsof the polar climate and ecological

systems. ......

Considerableattentionhasbeengivenrecentlyto decreasesin

Arctic seaiceextentsdetectedthroughanalysisof satellitepassive-

microwave data since late 1978 (e.g., Johannessenand others,

1995; Maslanik and others, 1996; Bjorgo and others, 1997;

Parkinson and others, 1999). These studies have emphasized

decreasesexaminedfor therecordlengthasa wholeor for annual

or seasonalaverages.Here we Updatethe annualand seasonal

decreasesto a 21-year record, through the end of 1999, and

additionallypresenttimeseriesandtrendsfor eachmonth.Results

aregiven for the NorthernHemisphereasa wholeandfor eachof

nineregions,identifiedinFigure 1.

Data and Methodology

The dataused in this study are satellitepassive-microwave

data from the Nimbus 7 Scanning Multichannel Microwave
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Radiometer(SMMR) and the Defense Meteorological Satellite

Program (DMSP) SpecialSensorMicrowave Imagers (SSMIs).

Microwave data are particularly applicablefor sea ice research

becausethemicrowaveemissionsof seaiceandliquid waterdiffer

significantly, therebyallowinga readydistinctionbetweeniceand

water from thesatellitemicrowavedata.Complicationsarisefrom

thediversityof icesurfacesandfrom meltpondingandsnowcover

on the ice, but the satellitepassive-microwavedata still allow a

clear depiction of the overall distribution of the ice and thereby

allow a calculation of ice extents (areas covered by ice of

concentrationat least15%).

The SMMR wasoperationalon an every-other-daybasisfor

mostof theperiod from October26, 1978,to August20, 1987,and

the sequenceof SSMIshasbeenoperationalon a daily basisfor

mostof theperiodsinceJuly9, 1987.The SMMR andSSMI data

have been used to create a consistent data set of sea ice

concentrations (percent areal coverages of ice) and extents

throughproceduresdescribedin Cavalieriand others(1999).The

ice concentrationsaregriddedto a resolutionof approximately25

km x 25 km (NSIDC, 1992),andthe iceextentsarecalculatedby

adding the areasof all grid cells containing ice with calculated

concentrationof at least 15%.This is done for eachof the nine

regionsidentifiedin Figure 1andfor thetotal.

Trendsin the ice extentsaredeterminedthrough linear least

squares fits separatelyon the monthly averaged, seasonally

averaged,and yearly averageddata.The trendsarecalculatedfor

each of the nine regions and the total, and in each case an
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estimated standard deviation of the trend (o) is calculated

following Taylor (1997). Trends are considered statistically

significantin thosecaseswhenthe trendmagnitudeexceeds1.96o,

signifying a 95% confidencelevel that theslopeis non-0.Trends

with magnitudesexceeding2.580 are consideredsignificantat a

99%confidencelevel (Taylor, 1997).

Results

Sea Ice Extents ..........

Resuks show that over the 21-year period 1979-1999, the

average annual cycle of north polar ice extents ranges from a

minimum of 6.9 x 10 6 km 2 in September to a maximum of 15.3 x

106 km 2 in March. All the monthiy average ice extents over the 21

years are plotted in Figure 2 for the Northern Hemisphere total and

in Figure 3 for each of the nine regions of Figure 1. Monthly

averages through the end of 1996 are plotted chronologically in

Parkinson and others (1999), highlighting the strong annual cycle

each year. Here rather than simply updating the earlier time series,

which would indeed show a continued strong annual cycle in each

year, we instead provide plots that emphasize the interannual

changes in each month (Figs. 2-3). By doing so, we highlight

several aspects of the seasonal cycle that are not readily apparent

in the time series of Parkinson_and others (1999), such as the

variability in the timing of maximum and minimum ice coverage.

The month of minimum ice coverage is consistently

September for the Northern He,sphere as a whole (Fig. 2) and

regionally is consistently either August or September except in the
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casesof the Seasof Okhotsk and Japanand the Gulf of St.

Lawrence,wheretheicecoveris reducedto 0 for thethreemonths

July-September,andin thecaseof HudsonBay for 1993,whenthe

minimumoccurs in October(Fig. 3). Septemberis the monthof

minimumice coveragein eachyear for Baffin Bay/LabradorSea

and the Kara and BarentsSeas,in each year except 1993 for

HudsonBay, in eachyearexcept1980and 1997for the Canadian

Archipelago,in 18of the21 ye_s for theArctic Ocean,andin 16

of the21yearsfor theGreenlandSea.Theoneanomalousregionis

the Bering Sea, in which the monthof minimum ice coverageis

consistentlyAugust ratherthan September,althoughwith near-0

icecoveragethroughoutthefour monthsJuly-October(Fig. 3).

The month of maximum ice coverageis considerablymore

variable than the month of m_imum ice coverage.For the

NorthernHemisphereasa whole, themonthof maximumcoverage

is March in 17of the21 yearsbut Februaryin 1981, 1987,1989,

and 1998 (Fig. 2). Hudson Bay, the Arctic Ocean, and the

CanadianArchipelagohavetheir iceextentscappingout at theflail

areaof theregion for Februaryand Marchof eachyearandoften

for January,December,and/orApril aswell (Fig. 3). In theSeasof

OkhotskandJapan,themonthof maximumicecoverageis March

for 16 of the yearsand Febru_ for the remaining5 years; in

BaffmBay/LabradorSea,it isMarch for 12yearsandFebruaryfor

9 years;andin theGulf of St.Lawrence,it isFebruaryfor 16years

andMarchfor 5 years.The varmbi!ity is greaterin theBeringSea,

GreenlandSea,andKaraandBarentsSeas,in eachof which each

of thefirst four monthsof theyearis themonthof maximumfor at
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leastoneof the yearsof the2I-year record.In the GreenlandSea,

thereis evenoneyear(1995)whenMay is themonthof maximum

(Fig. 3).

The greatervariability observedfor the monthof maximum

ice coveragethan for themonthof minimum icecoverageresults

from the presenceof iceat lower !atitudesduringwinter. Regions

that haveopensouthernboundariesareparticularlysusceptibleto

thepassageof stormsand thus increasedvariability.For instance,

theparticularlyhigh variability in theGreenlandSeaandthe Kara

and Barents Seas is almost cert_ly related to the high frequency

and interannual variability in the storm systems in this general

area, which tends to experience the strongest and most frequent

winter cyclones of the high northern latitudes (e.g., Serreze and

others, 1993). Similarly, the Bering Sea is particularly susceptible

to variations in the Aleutian Low and associated storm tracks (e.g.,

Overland and Pease, 1982).

Ice Extent Trend..s .....

Table 1 lists the trends, calculated as the slopes of the lines of

linear least squares fit, in the yearly averaged ice extents for each

of the nine regions of Figure I, plus the trends in the yearly and

seasonally averaged ice extents for the Northern Hemisphere total.

All trends are for the 21-year period 1979-1999 and are updated

from the 18-year results presented in Parkinson and others (1999).

The Northern Hemisphere total continues to show negative trends

for each season and for the yearly averages, although the overall,

annual trend has decelerated from the 18-year value of-34,000 +
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8,300 km2/yr (-2.8 + 0.7 %/decade) (Parkinson and others, 1999) to

-32,900 + 6,100 km2/yr (-2.7 + 0.5 %/decade) (Table 1). Summer,

defined as in Parkinson and others (1999) as July through

September, is the season with the greatest negative trend, both in

absolute terms and on a percentage basis, although all four seasons

have statistically significant negative trends (Table 1).

Regionally, the largest contributor to the negative yearly

average trend is the Arctic Ocean, at -9,400 + 3,400 km2/yr, and

the next largest contributors are the Kara and Barents Seas and the

Seas of Okhotsk and Japan (Table 1). When the record had

extended only through 1996, the largest contributor to the negative

trend had been the Kara and Barents Seas (Parkinson and others,

1999), but relatively high ice extents in the Kara and Barents Seas

in 1999 and especially 1998 (Fig. 3) weakened the negative slope

for that region, while relatively low ice extents in the Arctic Ocean

in 1998 and 1999 (Fig. 3) led to a strengthening of its negative

trend (Table 1 versus Parkinson and others, 1999).

The ice-extent trend values for each month are plotted in

Figure 4, for each of the regions and the Northern Hemisphere

total. Summer trends are 0 in the Seas and Okhotsk and Japan and

the Gulf of St. Lawrence due tothe disappearance of the ice in

those regions in each summer; and winter trends are 0 in Hudson

Bay, the Arctic Ocean, and the Canadian Archipelago due to the

complete coverage of each of those regions by ice of at least 15%

concentration in the winter months (Fig. 4). In general, with the

exception of the 0 and near-0 trends, the sign of the trend tends to

be the same throughout the year for any individual region; i.e., a
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region with a negativeJanuarytrend tends to havenegativeor 0

trends in eachmonth.The two primary exceptionsto this are the

positive Februarytrend for BafFmBay/LabradorSea,a region for

which the remainingmonthshave negativeor 0 trends(Fig. 4d),

and the seasonalcontrastin the Bering Sea,wherethe trendsare

clearlypositive in DecemberthroughApril but near0 or negative

in May throughNovember(Fig, 4b).

Thetiming of thestrongesttrends varies from region to region

(Fig. 4). For the Arctic Ocean, the ice reductions are strongest in

the late summer, with September experiencing reductions, on

average, of 33,300 + 13,000 km2/yr and the magnitude of the

reductions for the rest of the non-winter months being

approximately symmetric about the September peak (Fig. 4h). By

contrast, reductions in the Kara and Barents Seas peak in June and

July (Fig. 4g) and those in the Seas of Okhotsk and Japan peak in

April (Fig. 4a). The varied regional responses combine to a

Northern Hemisphere total that has 21-year linear least squares

reductions of at least 23,600 krn2/yr in all 12 months, with the

greatest reductions coming in July, at 45,700 + 12,200 km2/yr, and

the second greatest in September (Fig. 4j).

From an analysis of Arctic surface air temperature data for the

period 1979-1997, Rigor and others (2000) report seasonal and

spatial trends in their data that are generally consistent with the sea

ice extent trends shown in this study. For the months December-

February they report a warming trend over the Eurasian land mass

and over the Laptev and East Siberian seas to the north of Russia,

whereas for eastern Siberia and north of the Canadian Archipelago
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they report cooling trends. During the months September-

November,the regionsshowingcooling trendsareAlaskaandthe

BeaufortSea.The monthsMarch-Mayshow warming trendsover

theentireArctic region.However,duringJune-Augustthereareno

significanttrendsin thetemperaturedata(Rigor andothers,2000),

which is interestingbecauseJune-Septemberare the monthsfor

which we find the strongestnegativetrendsfor the ice coverasa

whole(Fig. 4j').

Discussion

Satellite technology provides a powerful resource for

monitoring the Arctic sea ice co_r's distribution and extent, and

we have taken advantage of this by using this technology to

quantify changes in the Arctic ice cover since the late 1970s, with

results presented in Table 1 and Figures 2-4 for the 21-year period

1979-1999. Most notably, the ice cover as a whole has negative

trends for every month, with a trend in the annual averages of

-32,900 __+6,100 km2/yr.

Because of the sharp contrast between the microwave

emissivities of liquid water and ice, the satellite passive-

microwave data are particularly good at revealing the distribution

of the sea ice cover, which in turn allows calculation of the ice

extent and determination of changes in ice extent. The satellite data

cannot, however, explain the causes of the changes or predict

future changes. If the decreasing ice extents reported here are tied

most closely to an ongoing Arctic warming (as reported, e.g., by

Martin and others, 1997; Serreze and others, 2000) that continues,
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then the ice extent is likely to continueto decreaseaswell; but if

theseaicechangesaretiedmorecloselyto oscillatorybehaviorsin

theclimate system,suchastheNorth Atlantic Oscillationand the

Arctic Oscillation (as suggested,e.g., by Deserand others,2000;

Morison and others,2000), then fluctuationsbetweenperiodsof

ice-extentdecreaseandperiodsof ice-extentincreasearelikely.
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Table 1. Trends in 1979-1999 yearly averaged sea ice

extents for the nine regions of Figure 1 and in 1979-1999

yearly and seasonally averaged sea ice extents for the

Northern Hemisphere total. Trends and their estimated

standard deviations are listed both as 103 km2/yr and as

%/decade. The Averaging Period (AP) column indicates

yearly (30, winter (W, January-Mar_), spring (Sp, April-

June), summer (Su, July-September), _d fall (F, October-

December) averages, while the S column identifies those

cases having statistical significance at a 99% confidence

level. The remaining cases satisfy neither a 99% nor a 95%

confidence criterion.

Region AP Trend

103 _Z/yr S %/decade

Seas of Okhotsk and Japan Y -6.8 4- 2.0 99 -14.6 + 4.4

Bering Sea Y 1.7+ 1.4 6.1 +4.9

Hudson Bay Y -4.3 4- 1.4 99 -5.1 4- 1.7

Baffin Bay/Labrador Sea Y -2.1 + 3.2 -2.5 + 3.8

Gulf of St. Lawrence Y 0.8 £0.5 12.0+6.8

Greenland Sea Y -4.3 4- 2.4 -5.9 + 3.2

Kara and Barents Seas Y -7.4 4- 4.2 -5.3 4- 3.0

Arctic Ocean Y -9.44-3.4 99 -1.4+0.5

Canadian Archipelago Y -1.I +0.6 -1.64-0.9

Northern Hemisphere Y -32.9 4- 6.I 99 -2.7 + 0.5

Northern Hemisphere W -26.9 4- 8.5 99 -1.8 4- 0.6

Northern Hemisphere Sp -32.1 4- 6_8 99 -2.3 4- 0.5

Northern Hemisphere Su -41.6 ± 12.9 99 -4.9 4- 1.5

Northern Hemisphere F -29.6 ± 9.0 99 -2.6 4- 0.8
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Figure

analysis.

Figure Captions

1. Identification of the nine regions used in the

Figure 2. Time series of monthly sea ice extents, arranged by

month, for the total ice cover of the regions identified in Figure 1.

The top plot presents the ice cover decay from March through

September, and the bottom plot presents the ice cover growth from

September through March. Lines of linear least squares fit are

included for each month.

Figure 3. Time series of monthly sea ice extents, arranged by

month, for each of the nine regions of Figure 1. For each region,

the top plot presents the results for the months March through

September and the bottom plot presents the results for the months

September through March. Lines of linear least squares fit are

included for each month.

Figure 4. Trends, by month, in the sea ice extents of the nine

regions of Figure 1 and the total, calculated over the 21 years

1979-1999. The trend values in each case are the slopes of the lines

of linear least squares fit through the appropriate 21 monthly

average ice extents.
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"Popular Summary" for the paper "A 2I@ear record of Arctic sea ice extents and their
regional, seasonal, and monthly variability and trends" by Claire L. Parkinson and
Donald J. Cavalieri, submitted to the Annals of Glaciology:

Sea ice is an important component of the Arctic climate system, for instance
reflecting back to space most of the solar radiation reaching it and restricting heat
exchanges between the ocean and the atmosphere. Furthermore, changes in the Arctic sea
ice cover can provide information about broader issues of climate change.

Since late 1978, satellite data have allowed a monitoring of the Arctic sea ice cover

on a daily or near-daily basis. These data have been used to calculate sea ice extents over
the period 1979-1999 for the north polar Sea ice cover as a whole and for each of nine
regions within the ice cover. Over this 2i:year period, the data reveal a trend in yearly
average ice extents for the ice cover as a whole of-32,900 + 6,100 km2/yr (-2.7 + 0.5

%/decade), indicating a reduction in sea ice coverage. This reduction, however, has
decelerated from the earlier reported value of-34,000 + 8,300 krn2/yr (-2.8 + 0.7

%/decade) for the period 1979-1996. Seasonally, the reductions are greatest in summer,
for which season the 1979-1999 trend in ice extents is -41,600 _+ 12,900 km2/yr (-4.9 +

1.5 %/decade).

Regionally, the sea ice reductions _ greatest in the Arctic Ocean, the Kara and
Barents Seas (north of Scandinavia and far western Russia), and the Seas of Okhotsk and
Japan (north and west of Japan). Only two of the nine regions show overall ice extent
increases, those being the Bering Sea (between Alaska and Siberia) and the Gulf of St.
Lawrence. For neither of these two regions is the increase statistically significant,
whereas the 1979-1999 ice extent decreases are statistically significant at the 99%

confidence level for the north polar region as a whole, the Arctic Ocean, the Seas of
Okhotsk and Japan, and Hudson Bay.


